Staphylococcus aureus and Staphylococcus epidermidis are
Gram-positive cocci that normally colonize the epithelial surfaces of large numbers of humans (reviewed in ref. 1) . S. epidermidis is considered part of the of the normal human microbial flora, while S. aureus is usually regarded as a transient member. Colonization by either species usually does not lead to adverse events. However, when these organisms or their extracellular products are allowed to breach the epithelial layer, serious disease can result (1) . S. aureus has many cell surface virulence factors (such as protein A and clumping factor) and secreted exotoxins and enzymes that allow strains to cause a myriad of infections. These diseases range from relatively benign furuncles and subcutaneous abscesses to scalded skin syndrome, sepsis, necrotizing pneumonia, and toxic shock syndrome (TSS). While no single cell surface virulence factor has been shown to be uniquely required for mucous membrane attachment, once colonization occurs, numerous secreted exotoxins, including the pyrogenic toxin superantigens and exfoliative toxins, definitively cause serious human disease. Other secreted exotoxins, such as the four hemolysins (α, β, δ, and γ) and Panton-Valentine leukocidin have also been suggested to contribute to significant illnesses. S. epidermidis does not possess the array of extracellular toxins that S. aureus does, and its primary virulence factor is considered to be its ability to form biofilms (2, 3) .
The accessory gene regulator quorum sensing system
To improve their ability to cause this variety of human disease and to occupy numerous niches within the host, staphylococci have developed quorum-sensing systems that enable cell-to-cell communication and regulation of numerous colonization and virulence factors. The staphylococcal accessory gene regulator (agr) quorumsensing system decreases the expression of several cell surface proteins and increases the expression of many secreted virulence factors in the transition from lateexponential growth to stationary phase in vitro (4, 5) . Expression of agr was found to contribute to staphylococcal pathogenesis in several infection models, including murine subcutaneous abscesses (6) and arthritis (7), as well as rabbit endocarditis (8) . Expression of agr also appears to be involved in the invasion and apoptosis of epithelial cells (9) . Interestingly, different agr groups, as defined by their production and recognition of distinct secreted signals, are associated predominantly with certain diseases (5) . The reasons for this association between agr group and infection type are not yet clear, but a better understanding of this phenomenon may contribute to our understanding of the epidemiology of staphylococcal diseases.
Two primary transcripts, RNAII and RNAIII, are generated by the agr locus and originate from the P2 and P3 promoters, respectively ( Figure 1 ). The P2 operon encodes four proteins that generate the agr-sensing mechanism. AgrB is a transmembrane protein that appears to be involved in (a) processing of the agrD product into an octapeptide; (b) secretion of the autoinducing peptide (AIP) signal; and (c) modification of the AIP by the formation of a cyclic thiolactone bond between an internal cysteine and the carboxyl terminus. AgrA and AgrC form a two-component regulatory system in which the transmembrane component, AgrC (histidine kinase), binds the extracellular AIP and in turn modulates the activity of AgrA, the response regulator. Through an as-yet-undefined mechanism, AgrA activity then leads to greatly increased P2 and P3 transcription in the late-log phase of growth, when the concentration of the signal in the medium is high. Sequence variation in agrB, agrD, and agrC has led to the identification of at least four S. aureus agr specificity groups in which AIP produced by one group inhibits agr expression in other groups (5) .
Increased transcription of the P3 operon results in dramatically increased levels of intracellular RNAIII. RNAIII encodes the toxin δ-hemolysin (via hld) but, more importantly, increases the transcription (and in some cases, translation) of several secreted virulence factors, including TSS toxin-1 and other hemolysins. However, some toxins, such as enterotoxins A and K, made typically in low concentrations and during exponential phase, are not regulated by RNAIII. Other secreted toxins, such as enterotoxins B, C, and D, are only partially upregulated by RNAIII and can be made in high concentrations independently of agr. At the same time, the expression of several cell surface virulence factors is decreased. It is easy to imagine the role that such coordination of virulence gene expression might play in certain infections, such as the formation of a walled-off furuncle. Initially, the staphylococci, present in small numbers, express their cell surface virulence factors in order to evade the host immune system. For example, protein A binds the Fc portion of IgG, and clumping factor may help to form the walledoff infection site. When this site becomes depleted of nutrients due to increased bacterial numbers, the organisms increase secreted factor production, allowing the organisms to escape the walled-off site and spread through the host tissues.
The potential role of agr-mediated quorum sensing is not as clear in other host environments. We and other researchers have shown through in vivo human and animal studies that agr appears to be unnecessary in certain infections for the expression of secreted virulence factors (5, (10) (11) (12) . For example, agr expression in a rabbit abscess model was decreased at the same time that the animals developed TSS through exotoxin production (10) . In addition, an agr mutant was just as effective at causing TSS as the isogenic wild-type organism. These studies do not rule out roles for agr in other aspects of these diseases, as will be discussed later in this review. But the studies do suggest that additional regulatory mechanisms are integral in regulation of both the quorum response and overall virulence of staphylococci.
Additional regulators of the quorum response
The agr quorum-sensing system has historically been assigned a central role in the model of S. aureus pathogenesis. Thus, studies of other known regulators of staphylococcal virulence have usually examined their
Figure 1
The accessory gene regulator (agr) system in Staphylococcus. The P2 operon encodes (via RNAII) the signaling mechanism, whereas the transcript of the P3 operon, RNAIII, acts as the effector molecule of the agr locus. Additional regulators of the quorum response and virulence genes, described in the text, are listed. Potential regulatory pathways used by environmental signals are indicated by the dashed red lines.
interaction with the agr system. These additional regulators allow the organism to respond to environmental signals in addition to bacterial cell density, and sometimes counter agr activity (reviewed in ref. 5) .
Among these regulators are the two-component systems (a family that includes AgrAC) that allow staphylococci to sense and respond to various environmental stimuli. SaeRS was the second two-component system involved in global regulation of virulence factors to be identified (13, 14) after AgrAC. sae mutants produce substantially less hemolysin and coagulase but have no effect on the production of RNAIII. However, the expression of at least one sae transcript was decreased in an agr mutant, suggesting that the sae system acts downstream of agr (15) . It has been proposed, but not confirmed, that the sae locus responds to several environmental stimuli, including high salt, low pH, glucose, and subinhibitory concentrations of antibiotics (5) .
ArlRS comprises a third two-component system that appears to counter agr autoinduction by repressing production of hemolysins and exoenzymes (16, 17) . Expression of arlRS was itself reduced in an agr mutant. An arlS mutant was enhanced for biofilm formation, despite the increased expression of agr and the presumed downregulation of surface-associated adhesion factors. ArlRS also appears to regulate autolytic activity as well as the multidrug efflux pump NorA of S. aureus. These data suggest that under certain conditions, agr activity may influence the resistance of S. aureus to antibiotics.
A fourth two-component system, SrrAB, recently identified by our group (18) and others (19) , was found to inhibit RNAIII expression and may itself be repressed by agr. Mutants of srrAB are unable to grow normally under anaerobic conditions (18, 19) , and expression of srrAB was shown to regulate genes involved in energy metabolism (19) . The signal for the system may be menaquinone, an intermediate in the oxidative respiratory pathway. Thus, SrrAB may be one link between energy metabolism in the cell and the quorum response.
The second major family of regulators of staphylococcal virulence are the DNA-binding proteins, including staphylococcal accessory regulator (SarA) and its homologs (reviewed in ref. 20) . SarA, transcribed from three promoters within the same locus, was reported to be required for full agr transcription (21) . In several reports, SarA has been shown to affect the expression of a wide array of virulence genes, sometimes acting independently of agr to decrease the expression of several exoproteins. SarA is responsive to some environmental conditions through intermediate regulators (22) and likely affects expression of the agr locus accordingly.
Additional transcription regulators, whose interactions with the agr system deserve further investigation, are the repressor of toxins (Rot) and the alternative sigma factor B. Both of these have been shown to affect the expression of numerous virulence-associated genes. Rot appears to counter agr activity, and a mutation in rot was shown to partially restore the wild-type phenotype of an agr mutant (23, 24) . Sigma factor B, which responds to environmental stress (25) , also appears to at times counter agr activity in that it increases the expression of some exoproteins early in growth (26) .
Thus, the quorum response in staphylococci during infection occurs within the context of a complex regulatory network that continually modifies either agr activity itself or its downstream effects. Additional monitoring of gene expression and protein profiles in vivo will be required to understand this regulatory network that likely differs substantially from what has been described thus far in vitro.
Quorum sensing and staphylococcal biofilms
Many infections by staphylococci are not caused by the free-living organism but rather by groups of interacting cells termed biofilms. Bacterial biofilms are broadly defined as a community of cells attached to either an abiotic or a biotic surface, are encased in a self-produced matrix, and generally exhibit an altered growth and gene expression profile compared with that of planktonic, or free-living, bacteria (reviewed in ref. 27 ). Biofilm-associated infections have special clinical relevance, as they are generally resistant to antibiotic therapy and clearance by host defenses. In staphylococcal infections, these diseases include endocarditis (8, 28) , osteomyelitis (29, 30) , implanted device-related infections (27) , and even some skin infections (31) .
Two stages of staphylococcal biofilm formation have been described (reviewed in ref. 3 ). The first stage involves attachment of cells to a surface. This stage of biofilm formation is likely to be mediated in part by cell wall-associated adhesins, including the microbial surface components recognizing adhesive matrix molecules (MSCRAMMs). The second stage of biofilm development includes cell multiplication and formation of a mature, multi-layered, structured community. This stage is associated with production of extracellular factors, including the polysaccharide intercellular adhesin (PIA) component of the extracellular matrix. Detachment of cells from the established biofilm may then allow staphylococci to spread and colonize new sites.
One of the most intriguing areas of investigation is determining what impact quorum sensing has on the growth, development, and pathogenesis of staphylococcal biofilms. There is mounting evidence that the agr phenotype and expression patterns may influence several aspects of biofilm behavior, including attachment of cells to surfaces, biofilm dispersal, and even the chronic nature of many biofilm-associated infections. Indeed, many of the products involved in biofilm development, including α-toxin, surface-associated adhesins, δ-hemolysin, and the autolysin AtlE (in S. epidermidis), are regulated by the agr system, at least in vitro. Furthermore, quorum sensing has been shown to be involved in biofilm development of several Gram-positive and Gram-negative bacteria, including Streptococcus mutans (32) and Pseudomonas aeruginosa (33) .
The limited number of studies addressing the quorum response and staphylococcal biofilms appear at first glance to be somewhat conflicting in their results and interpretation. Pratten et al. (34) found little difference between wild-type S. aureus and an agr mutant in adherence to either uncoated or fibronectin-coated glass under flow conditions, even though hld was expressed. In another study, RNAIII expression decreased S. aureus adherence to fibrinogen under static conditions, but increased adherence to fibronectin and human endothelial cells in both static and flow conditions (35) . Vuong et al. (36) found that those S. aureus strains with a nonfunctional agr were much more likely to form biofilms under static conditions. α-toxin, positively regulated by the agr system,was recently shown to be required for biofilm formation under both static and flow conditions (37) . In an experimental endocarditis study, RNAIII expression increased with increasing S. aureus densities in vegetations (38) , confirming the cell density-dependent expression of RNAIII in vivo. Interestingly, expression of RNAIII also occurred through a mechanism independent of the AgrAC signaling system, suggesting that there are additional, unidentified in vivo signals that regulate the quorum response. Taken together, these studies indicate that the precise role of agr expression in biofilm development is dependent upon the conditions in which the biofilm is grown, and suggest that differences in S. aureus strains may also introduce variability into the results.
Most infections of indwelling medical devices are caused by S. epidermidis, an organism with few exotoxins and for which the ability to form biofilms is considered the primary virulence factor (2). Recently, Vuong et al. (39) found that disruption of the agr locus in S. epidermidis resulted in increased attachment of the bacteria to polystyrene, increased biofilm formation, and higher expression of AtlE, which enhances attachment to abiotic surfaces. They also confirmed that the clinical isolate S. epidermidis O-47, the strain of choice for studying biofilm formation in S. epidermidis, was an agr mutant. Interestingly, agr did not regulate PIA expression.
Even in conditions in which agr does not appear to contribute to biofilm growth or development, it may still affect the virulence of biofilm-associated bacteria. We have observed expression of the agr system in conditions in which agr did not appear to affect biofilm growth or structure (40) . It has been proposed that the production of δ-hemolysin, a molecule with surfactant properties that is encoded by the agr locus, may contribute to the detachment of cells from both S. aureus and S. epidermidis biofilms (36, 39) . Should this in fact be the case, it has important clinical implications. Cells expressing agr and actively detaching from the biofilm not only may establish additional infection sites in the host but also may contribute to the toxemia associated with acute staphylococcal infections. These cells are likely to express secreted virulence factors, including the superantigenic toxins of S. aureus. On the other hand, cells that remain in the biofilm and do not express agr may contribute to persistent, low-level infections, particularly in the case of S. epidermidis.
Evidence of selection for an agr-negative phenotype in chronic infections is emerging. Schwan et al. (41) studied chronic wound infections using a murine abscess model. After establishing infections with a hemolytic (thus with a presumably functional agr locus) S. aureus strain, the number of nonhemolytic bacteria recovered from the wounds increased over time. The authors suggest that several of the nonhemolytic isolates had mutations in the agr locus, although this was not directly shown. In mixed-strain infection experiments using normal, hyperhemolytic, and nonhemolytic strains to inoculate the mouse, the population of hyperhemolytic isolates declined (44.0-9.3%) after 7 days, while the nonhemolytic group (presumably agr defective) increased (23.7-61.0%) over the same period of time. Conversely, in both this study and several previous ones, infections established with single strains resulted in decreased cell numbers recovered from the infection of the agr mutant compared with those of the wild-type strain. Thus, in the mixedstrain infection experiments, functions performed by the wild-type strain may assist the nonhemolytic group in establishing infection. Also consistent with a selection for an agr-negative phenotype, expression of virulence factors in epidemic methicillin-resistant strains is shifted away from extracellular toxins and enzymes toward expression of surface proteins and colonization factors (42) . Furthermore, agr mutants can frequently be found in isolates from clinical settings (36, 39) and arise spontaneously in vitro (43) . When Vuong et al. (36) examined the correlation between a functional agr system and the ability of S. aureus clinical isolates to adhere to polystyrene under static conditions, they found that only 6% of the isolates with a functional agr system formed a biofilm in these conditions, compared with 78% of the agr-defective isolates. Failure of the strains with functional agr loci to form a biofilm was thought to be due in part to the surfactant properties of the δ-hemolysin produced by these strains. These studies are all consistent with the idea that whereas secreted virulence factors may be important during the acute phase of infection, loss of agr function may enhance the long-term survival of staphylococci in the host and contribute to persistent (often biofilm-associated) infections. The enhanced survival of agr mutants might be due in part to the decreased production of immunostimulatory factors, such as superantigens, and increased expression of immune-evading factors, such as protein A.
It has been proposed that use of agr-inhibiting substances, such as AIP produced by staphylococci belonging to a different agr group, might be beneficial in the treatment of acute staphylococcal infection (5) . Such treatments may decrease the production of extracellular virulence factors normally upregulated by agr expression. However, because loss of agr activity nor-mally correlates with increased expression of adhesin factors and decreased expression of potential dispersion factors, inhibition of agr activity may instead result in the conversion of an acute infection into a chronic one, particularly in biofilm-associated infections. Indeed, inhibition of agr activity increases attachment of both S. aureus and S. epidermidis to polystyrene (36, 39) and enhances biofilm formation. Furthermore, in certain animal models of infection, expression of agr does not significantly affect the expression of virulence factors, as would be expected from in vitro data (10) (11) (12) . Understanding these caveats, additional investigation into agr inhibition is still warranted, given that inhibition of agr activity, and thus extracellular toxin and enzyme production, may be beneficial in some acute infection types.
Taken as a whole, the literature suggests that the role of quorum sensing in staphylococcal infections may not always be immediately obvious, as it varies with infection type, host environment, and even time. For example, in models in which agr does not appear to strongly influence virulence, its expression (or lack thereof) may contribute to biofilm formation. Conversely, in models in which agr expression does not appear to affect biofilm formation, it may still regulate virulence factor production. This makes the development of relevant in vitro and in vivo models a challenging proposition. Yet it is critical that further investigation of this area take place. The expression of the agr quorum-sensing system, already known to affect virulence factor production, may also affect everything from antibiotic resistance to energy metabolism through its interaction with other staphylococcal gene regulators. Furthermore, the agr phenotype and expression patterns in both S. aureus and S. epidermidis biofilms may influence when these infections become chronic or acute. Future studies should include sampling of staphylococcal infections for agr phenotype, evaluation of agr expression patterns in vivo using animal models of infection, and further investigation of agr function in biofilm growth and development.
